Introduction {#s1}
============

In recent years, it has become apparent that next to transcription factors, gene regulation *via* epigenetics also plays an important part in the development of a multicellular organism (Bernstein et al., [@B6]; Mikkelsen et al., [@B45]; Mohn et al., [@B46]). Epigenetics can be defined as the biological processes that alter transcriptional activity by influencing the accessibility of the DNA by reorganizing the chromatin structure. Adaptation of chromosomal regions can rely on three distinct processes: (1) Modification of histones; (2) DNA methylation; and (3) non-coding RNAs mediated changes (van Heesbeen et al., [@B25]). Histones contain numerous sites for different types of modifications, such as methylation, acetylation and phosphorylation (Podobinska et al., [@B53]), which are highly dynamic and cause readily reversible changes in chromosomal organization (Cedar and Bergman, [@B14]). Methylation of histones can have different outcomes, while some sites correlate to transcriptional activity, others are associated with gene silencing (Podobinska et al., [@B53]). The polycomb repressive complex 2 (PRC2) mediates the mono, di and tri-methylation of lysine 27 of histone 3 (H3K27me1, 2 and 3; Shen et al., [@B57]) and consists of three core subunits: enhancer of zeste homolog 2 (EZH2), embryonic ectoderm development (EED) and suppressor of zeste 12 (SUZ12), that are all crucial for the catalytic activity of the complex (Corley and Kroll, [@B16]). H3K27me3 is associated with gene silencing and shows a highly dynamic profile during development (Mohn et al., [@B46]). Together with histone 3 lysine 4 tri-methylation (H3K4me3), H3K27me3 is found on bivalent domains that silence developmental genes during one stage of development but keeps them poised for activation in later stages of development (Bernstein et al., [@B6]; Mohn et al., [@B46]). The importance of H3K27 methylation and the PRC2 complex during development were shown in previous loss-of-function studies. The genetic ablation of one of the core subunits of the PRC2 complex led to a global loss of H3K27 di- and tri-methylation and a significant reduction in mono-methylation (Ferrari et al., [@B21]). In addition, knock-out (KO) embryos for one of the three core subunits of PRC2 fail to complete gastrulation due to defects in morphogenetic movements (Faust et al., [@B20]; O'Carroll et al., [@B47]; Cao and Zhang, [@B12]). In the later stages of development, it was shown that when *Ezh2* was conditionally removed before the onset of neurogenesis in cortical progenitors, the balance between self-renewal and differentiation was shifted toward differentiation (Pereira et al., [@B51]). In addition, neurogenesis was accelerated and the onset of gliogenesis was earlier (Pereira et al., [@B51]). However, when *Ezh2* or *Eed* were removed during neurogenesis, the neurogenic phase was prolonged at the expense of the onset of astrogenesis (Hirabayashi et al., [@B26]). These data suggest that PRC2 plays a role in regulating developmental transitions in cortical progenitor cells; from self-renewal to differentiation and the neurogenic-to-gliogenic switch (Hirabayashi et al., [@B26]; Pereira et al., [@B51]). A similar role for *Ezh2* was found in neuronal progenitors (NPs) of the dorsal midbrain. *Wnt1Cre* driven deletion of *Ezh2* led to reduced number of NPs in the dorsal midbrain, due to elevated cell cycle exit and differentiation (Zemke et al., [@B69]). In addition to its role in regulating the transition from proliferation to differentiation, *Ezh2* was also found to be required for the maintenance of regional identity by suppressing forebrain traits (Zemke et al., [@B69]). To further address the function of EZH2 and H3K27me3 during neuronal development we generated a conditional mutant in which *Ezh2* was removed in the isthmic (mid-hindbrain) region from E10.5 onward (Sunmonu et al., [@B65]; Zemke et al., [@B69]). The mid-hindbrain region gives rise to several essential neurotransmitter systems, including dopaminergic (DA) and serotonergic (5-HT) neurons (Brodski et al., [@B10]). A critical event in the development of the different neuronal populations found in the mid-hindbrain region is the formation of the Isthmic Organizer (IsO; Crossley et al., [@B17]; Brodski et al., [@B10]). The IsO secretes inductive signals that specify the mid-hindbrain region and it has been shown that a disorganized IsO influences the location and size of the DA and 5-HT system (Brodski et al., [@B10]; Kouwenhoven et al., [@B36]). The functioning and maintenance of the IsO is dependent on several feedback loops formed by multiple developmental factors, including *Fgf8, Wnt1, Lmx1b* and *En1* (Danielian and McMahon, [@B18]; Martinez et al., [@B41]; Adams et al., [@B1]; Guo et al., [@B24]; Canning et al., [@B11]; Kouwenhoven et al., [@B36]). In this study, we show that the *En1Cre* driven deletion of *Ezh2* and a consequential loss of H3K27me3 leads to a disorganized IsO and ectopic expression of the transcription factor *Otx2* in the hindbrain. In accordance with other studies in which *Otx2* expression is expanded caudally, DA cells are formed in rhombomere (R) 1 at the expense of R1 born neuronal subtypes, including 5-HT neurons (Brodski et al., [@B10]; Sherf et al., [@B58]; Kouwenhoven et al., [@B36]). Together, our data suggest that next to transcription factors, gene repression *via* EZH2 and H3K27me3 are required for the repression of Otx2 in the hindbrain, maintenance of the IsO and the correct fate-determination of the isthmic area.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2-1}
----------------

All animal studies are performed in accordance with local animal welfare regulations, as this project has been approved by the animal experimental committee (Dier ethische commissie, Universiteit van Amsterdam; DEC-UvA), and international guidelines.

Animals {#s2-2}
-------

All lines were maintained on a C57BL/6J background (Charles River). *Ezh2*-floxed animals were generated by S.H. Orkin and a kind gift from F. Zilbermann (Friedrich Miescher Institute, Basel, Switzerland) and have been previously described (Shen et al., [@B57]). *En1Cre* animals were generated by A.L Joyner and a kind gift from S. Blaess (Rheinische Friedrich-Wilhelms-Universität, Bonn, Gemany). *En1Cre*/+ animals were crossed with *En1Cre-ERT +/+; R26RYFP/R26RYFP* to obtain *En1Cre/+; R26RYFP/R26RYFP* (Kimmel et al., [@B35]). *Ezh2* L/L animals were crossed with *En1Cre/+* or *En1Cre/+; R26RYFP/R26RYFP* animals to obtain *En1Cre/+; Ezh2* L/+ or *En1Cre/+; Ezh2 L/+; R26RYFP/R26RYFP* animals. For the generation of embryos we crossed *En1Cre/+; Ezh2 L/+* animals with *Ezh2 L/+* animals and *En1Cre/+; Ezh2 L/+ with En1Cre/+; Ezh2 L/+* animals for the generation of *En1/Ezh2* double mutant embryos. Embryos were isolated at embryonic day (E) 12.5, E14.5, considering the morning of plug formation as E0.5. Pregnant dams were euthanized by CO~2~ asphyxiation and embryos were collected in 1× PBS and immediately frozen on dry-ice (fresh frozen) or fixed by immersion in 4% paraformaldehyde (PFA) for 4--5 h at 4°C. After PFA incubation, samples were cryoprotected O/N in 30% sucrose at 4°C. Embryos were frozen on dry-ice and stored at −80°C. Cryosections were slices at 16 μm, mounted at Superfrost plus slides, air-dried and stored at −80°C until further use.

E14.5 *Wn1Cre/+; Ezh2 L/L* and wildtype littermate embryonic tissue were a kind gift from Prof. Dr. Filippo Rijli of the Friedrich Miescher Institute in Basel, Switzerland.

Genotyping {#s2-3}
----------

The genotyping for the *Ezh2-flox* allele was executed with 50--100 ng of genomic DNA together with forward primer 5′-ACCATGTGCTGAAACCAACAG-3′ and reverse primer 5′-TGACATGGGCCTCATAGTGAC-3′ resulting in a 395 bp product for the wild type allele and a 361 bp product for the *floxed* allele.

Genotyping of the *En1Cre* allele was performed with 50--100 ng of genomic DNA together with primer pair En1Cre 5UTR_F3 5′-CTTCGCTGAGGCTTCGCTTT-3′ and En1Cre Cre_R2 5′-AGTTTTTACTGCCAGACCGC-3′ resulting in a product at 240 bp for the *Cre*-allele.

Genotyping for the *R26R-YFP* allele was performed using 3′ primers Rosa_mutant primer 5′-AAGACCGCGAAGAGTTTGTC-3′, Rosa_wildtype primer 5′-GGAGCGGGAGAAATGGATATG-3′ and a Rosa_common primer 5′-AAAGTCGCTCTGAGTTGTTAT-3′ with 50--100 ng of genomic DNA. The PCR reaction gave a product at 320 bp for the mutant *R26R-YFP* allele and a product of 600 bp for the wildtype allele.

*In situ* Hybridization {#s2-4}
-----------------------

*In situ* hybridization with digoxigenin (DIG)-labeled RNA probes was performed as described (Smits et al., [@B63]; Smidt et al., [@B61]). The following DIG-Labeled RNA probes were used: *Th* (Grima et al., [@B23]), *Pitx3*, *Nurr1* (Smidt et al., [@B60]), *Ahd2* (Jacobs et al., [@B30]), *En1*, *Cck* (Jacobs et al., [@B31]), *Lmx1a* (Hoekstra et al., [@B27]), *Wnt1* (Mesman et al., [@B44]), *Fgf8*, *Otx2* (Kouwenhoven et al., [@B36]) and a *Nkx6.1* probe containing bp 1182--1713 (532 bp) of the mouse cDNA sequence (NM_144955.1). Experiments we performed in two independent sets of animals to ensure the results. Wnt1Cre driven mutants, En1 mutants and En1; Ezh2 double mutants were performed on one set of embryos.

Fluorescence Immunohistochemistry {#s2-5}
---------------------------------

Cryosections were blocked with 4% HIFCS in THZT buffer (50 mM Tris-HCL, pH 7.6; 0.5 M NaCl; 0.5% Triton X-100) and incubated with a primary antibody; Th \[Rabbit-TH (Pelfreeze 1:1,000), Sheep-TH (Millipore AB1542, 1:750)\], EYFP \[Chicken-GFP (Abcam, 1:500)\], H3K27me3 \[rabbit-anti-H3K27me3 (Millipore, 17-622 1:2,000)\] or Serotonin \[rabbit-anti-Serotonin (Immunostar, 1:500)\], in THZT buffer overnight at room temperature. The following day the slides were washed and incubated for 2 h at room temperature with secondary Alexafluor antibody \[anti-rabbit, anti-sheep and anti-chicken (Invitrogen, 1:1,000)\] in Tris-Buffer saline (TBS). After immunostaining nuclei were stained with DAPI (1:3,000), embedded in Fluorsave (Calbiogen) and analyzed with the use of a fluorescent microscope (Leica). All washes were done in TBS and double staining was performed sequentially. The antibody against H3K27me3 required antigen retrieval, which was executed as follows: slides were incubated 10 min in PFA after which they were submerged in 0.1 M citrate buffer pH 6.0 for 3 min at 1,000 Watts followed by 9 min at 200 Watts. Slides were left to cool down, after which protocol was followed as described above. Per embryonic stage two sets, En1Cre/+; Ezh2 +/+ vs. En1Cre/+; Ezh2 L/L, were analyzed. Wnt1Cre driven mutants, En1 mutants and En1;Ezh2 double mutants were performed on one set of embryos.

Quantitative PCR (qPCR) {#s2-6}
-----------------------

RNA was isolated from dissected E12.5 or E14.5 midbrains of *En1Cre/+; Ezh2* +/+ and *Ezh2* conditional KO (cKO) embryos. RNA was isolated with Trizol (ThermoFisher) according to the manufacturer's protocol. For E12.5 a single midbrain was used per sample (*En1Cre/+; Ezh2* +/+ *n* = 3 and *En1Cre/+; Ezh2* L/L *n* = 4). For E14.5 two midbrains were pooled for the *Ezh2* cKO samples and a single midbrain was used per sample for the wildtype (wildtype *n* = 4 and *En1Cre/+; Ezh2* L/L *n* = 3). Relative expression levels were determined by using the QuantiTect SYBR green PCR lightCycler kit (Qiagen) according to the manufacturer's instructions. For each reaction, 10 ng (dissected midbrain) of total RNA was used as input. Primers used for *En1* were previously published (Jacobs et al., [@B31]). Further, primer designs: *Fgf8*: forward 5′-GCAGAAGACGGAGACCCCT and reverse 5′-CGTTGCTCTTGGCAATTAGCTTCC (product size 136 bp), *Wnt1* forward 5′-CAGCAACCACAGTCGTCAGA and reverse 5′-TTCACGATGCCCCACCATC (produce size 170 bp) and *Otx2*: forward 5′-GGGAAGAGGTGGCACTGAAA and reverse 5′-CTTCTTGGCAGGCCTCACTT (produce size 137 bp). Statistical analysis was performed by a Student-*T* test and one or two tails is indicated in the figure legend.

Results {#s3}
=======

*En1Cre* Driven Deletion of *Ezh2* Causes a Widespread Loss of H3K27me3 {#s3-1}
-----------------------------------------------------------------------

As described above, EZH2 functions as the methyltransferase of PRC2, which catalyzes the methylation of H3K27 (Cao and Zhang, [@B13]; Margueron et al., [@B40]; Shen et al., [@B57]). Early deletion of *Ezh2* has been shown to cause an overall ablation of H3K27me3 and transitions in developmental phases, like the switch from self-renewal to differentiation, are disrupted (Hirabayashi et al., [@B26]; Pereira et al., [@B51]; Zemke et al., [@B69]). In the mid-hindbrain region several neuronal subtypes arise, including DA and serotonergic (5-HT) neurons (Brodski et al., [@B10]; Kouwenhoven et al., [@B36]). An essential event in the emergence of these neuronal populations is the formation of the IsO, which secretes inductive signals that determine the size and location of the different neuronal subtypes originating in the mid-hindbrain region (Crossley et al., [@B17]; Brodski et al., [@B10]; Kouwenhoven et al., [@B36]). In this study, we aim to gain further insight into the role of EZH2 and PRC2 functioning in the development of the mid-hindbrain region by generating a cKO mouse. *Ezh2* was removed from the mid-hindbrain region from E10.5 onward by crossing *Ezh2-*floxed mice (Shen et al., [@B57]) with *En1Cre* animals (Kimmel et al., [@B35]). The CRE recombinant region, as visualized by YFP (*R26RYFP*, Srinivas et al., [@B64]), extends rostrally into the ventral region of prosomere 3 and caudally to the presumed R1/R2 border ([Figure 1A](#F1){ref-type="fig"}, arrowheads point to border regions; Kouwenhoven et al., [@B36]). To determine whether the deletion of *Ezh2* in the mid-hindbrain leads to the loss of H3K27me3, an immunohistochemistry for H3K27me3 was performed in combination with DAPI staining ([Figure 1B](#F1){ref-type="fig"}). In *En1Cre/+; Ezh2* L/L animals, H3K27me3 could not be observed in the mid-hindbrain region from E12.5 onward \[[Figure Figure 1B(3](#F1){ref-type="fig"}), arrowheads\], while the mark could be detected in this region in wildtype embryos \[[Figure Figure 1B(1](#F1){ref-type="fig"})\]. In addition, H3K27me3 is present in the *Ezh2* cKO outside of the CRE recombination region \[[Figure Figure 1B(4](#F1){ref-type="fig"})\], indicating that the deletion of *Ezh2* is specific for the *En1* positive area and that the ablation of *Ezh2* alone is sufficient to remove H3K27me3 in this region.

![H3K27me3 is lost in the *En1* expression domain of *En1Cre/+; Ezh2* L/L E12.5 Embryos. **(A)** Immunohistochemistry of YFP (green; counter stain DAPI in red) was performed in E14.5 wildtypes and *Ezh2* conditional knock-out (cKO) embryos to determine the CRE recombinant area. YFP expression is found from the ventral region of P3 and extended caudally up until the R1/R2 border. Border areas are indicated by arrow heads. Scale bar = 225 μM. **(B)** The presence of H3K27me3 was determined in E12.5 *En1Cre/+; Ezh2 +/+* and *En1Cre/+; Ezh2* L/L embryos by means of immunohistochemistry. H3K27me3 (red) was lost in the midbrain of *Ezh2* cKO embryos (3) but was still present in the dorsal pretectum (4). Nuclear localization of H3K27me3 was verified by co-localization with DAPI staining (blue). Scale bars are 150 μM and 15 μM in the magnifications.](fnmol-12-00076-g0001){#F1}

Ectopic Dopaminergic Neurons Arise in the Hindbrain of *En1Cre/Ezh2* L/L Animals {#s3-2}
--------------------------------------------------------------------------------

One of the essential neuronal subtypes that develop in the Isthmic region are mesodiencephalic DA (mdDA) neurons. MdDA progenitors originate from the floor plate of the ventral midbrain under the influence of intersecting signals of FGF8, OTX2 and WNT1 (Placzek and Briscoe, [@B52]; Ono et al., [@B49]; Mesman et al., [@B44]). During neurogenesis, mdDA progenitors enter the G0 phase of the cells cycle to give rise to post-mitotic mdDA precursors that start migrating towards their final diencephalic (Prosomere 1--2) and midbrain domains (Shults et al., [@B59]; Kawano et al., [@B34]; Mesman et al., [@B44]). During this phase, mdDA precursors differentiate further into mdDA neurons characterized by the presence of tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis. Although most TH+ cells are born around E11.0 (Bayer et al., [@B5]), it is not until E14.5 that they express most genes that define a mature mdDA neuron, like *Dat*, *Ahd2* and *Cck* (Iversen, [@B29]; Veenvliet et al., [@B66]; Arenas et al., [@B4]). To examine whether the loss of *Ezh2* in the mid-hindbrain region affects the DA neuronal population we performed immunohistochemistry for TH at E14.5 ([Figure 2](#F2){ref-type="fig"}). When comparing *En1Cre/+; Ezh2* +/+ embryos to *En1Cre/+; Ezh2* L/L embryos a caudal expansion of TH+ neurons is observed ([Figure 2](#F2){ref-type="fig"}, arrowheads). The biggest changes in the TH+ domain are observed in the medial sections where a group of TH+ neurons is found in an ectopic location caudal to the midbrain.

![*En1Cre* driven deletion of *Ezh2* leads to a caudal expansion of the TH+ domain. Protein expression of TH (green) was evaluated by means of immunohistochemistry. In E14.5 *En1Cre/+; Ezh2* L/L embryos the TH+ domain is shifted caudally in comparison to *En1Cre/+; Ezh2* +/+ embryos (arrowheads). The caudal expansion of the TH+ domain is most apparent in medial sections (upper panels). Scale bar = 150 μM.](fnmol-12-00076-g0002){#F2}

Next to mdDA neurons, the mid-hindbrain region also gives rise to 5-HT neurons (Brodski et al., [@B10]; Fox and Deneris, [@B22]; Alonso et al., [@B2]; Sherf et al., [@B58]). 5-HT neurons develop caudally to the IsO and are arranged into three distinct nuclei; the dorsal raphe nucleus (DRN), the median raphe nucleus (MRN) and the prepontine raphe nucleus (PpnR), which are R2-derived (Fox and Deneris, [@B22]; Alonso et al., [@B2]). Analysis of serotonin by immunohistochemistry at E14.5 showed that the cytoarchitecture of the 5-HT system is changed in *Ezh2* cKOs ([Figure 3A](#F3){ref-type="fig"}). Under normal conditions, no 5-HT+ cells can be found in between the DRN and the median raphe nucleus (MRN) where the decussation of the superior cerebellar peduncle runs, however in *En1Cre/+; Ezh2 L/L* embryos 5-HT+ neurons are present in this region ([Figure 3A](#F3){ref-type="fig"}, arrowheads). In addition to the disorganized structure, a loss of cells in the DRN is observed in lateral sections of *En1Cre/+; Ezh2* L/L embryos when compared to wildtypes ([Figure 3A](#F3){ref-type="fig"}, arrows). Previous studies have already shown that the caudal expansion of the DA domain negatively affects the generation of 5-HT+ neurons in R1 (Brodski et al., [@B10]; Sherf et al., [@B58]; Kouwenhoven et al., [@B36]). So to get a better insight into the effect of the caudal expansion of the TH+ domain into the ventral hindbrain on the generation of the 5-HT+ population in this region, we performed a double immunohistochemistry for 5-HT and TH on adjacent slides ([Figure 3B](#F3){ref-type="fig"}). In line with these studies, no 5-HT+ cells were found dorsally of the ventral ectopic patch of TH+ neurons or directly caudal to the dorsal DA domain in the *Ezh2* cKOs \[[Figure Figure 3B(2](#F3){ref-type="fig"}), arrowhead\]. In wildtypes, the 5-HT+ population of the DRN aligns the dorsal DA domain \[[Figure Figure 3B(1](#F3){ref-type="fig"}), arrowhead\] and the lack of cells dorsal of the ectopic TH+ patch suggests that the caudal expansion of the TH+ domain is at the expense of the 5-HT+ domain corresponding to the DRN.

![Genetic ablation of *Ezh2* affects the cytoarchitecture of the 5-HT population and leads to the loss of neurons of the dorsal raphe nucleus (DRN). **(A)** The 5-HT positive population was examined by performing a immunohistochemistry for 5-HT (green). The overall cytoarchitecture of the 5-HT population is affected (arrowheads) and cells of the DRN are lost in the lateral sections of *En1Cre/+; Ezh2* L/L E14.5 embryos (arrows). Scale bar = 250 μM. **(B)** A double immunohistochemistry for 5-HT (green) and TH+ (red). (1) In wildtypes 5-HT cells align the dorsal mdDA domain (arrowhead), while in *En1Cre* driven *Ezh2* cKOs (2) TH+ cells are found in the hindbrain and the 5-HT cells of the DRN cells are lost dorsal of the ectopic TH+ patch (arrowhead). Scale bars are 150 μM.](fnmol-12-00076-g0003){#F3}

Together our data indicate that *En1Cre* driven deletion of *Ezh2* leads to the appearance of TH positive cells caudal to the midbrain and that this extension of the TH+ domain is at the expense of 5-HT+ neurons.

Conditional Deletion of *Ezh2* Changes the Molecular Coding of the Anterior Hindbrain {#s3-3}
-------------------------------------------------------------------------------------

To further substantiate whether the ectopic TH+ cells are DA-like neurons, we performed *in situ* hybridization for several DA marks ([Figure 4](#F4){ref-type="fig"}). *Lmx1a*, *Nurr1* and *Pitx3* have been shown to play an important role in mdDA development (Saucedo-Cardenas et al., [@B55]; Jankovic et al., [@B32]; Deng et al., [@B19]; Yan et al., [@B68]). While *Lmx1a* has been shown to be required for the activation of neurogenesis and for the suppression of alternative cells fates (Andersson et al., [@B3]; Omodei et al., [@B48]), *Nurr1* induces the DA neurotransmitter phenotype (Saucedo-Cardenas et al., [@B55]; Smits et al., [@B63]). *Pitx3* expression is initiated in later stages of development and has been shown to be important for the specification of the different mdDA subsets and for the survival of the DA neurons of the Substantia Nigra pars compacta (SNc; Smidt et al., [@B62]; Hwang et al., [@B28]; Maxwell et al., [@B42]; Veenvliet et al., [@B66]). The spatial expression of *Th* shows a corresponding expression pattern as was observed with immunohistochemistry, an ectopic patch of expression caudal to the midbrain (arrowhead). Analysis of *Lmx1a* and *Nurr1* expression on adjacent sections demonstrated that they are also expressed in the ectopic *Th* area caudal to the midbrain in *Ezh2* cKO embryos \[[Figure 4A(\*)](#F4){ref-type="fig"}, arrowheads\]. In addition, *Pitx3* was also found ectopically, caudal to the midbrain in *En1Cre/+; Ezh2* L/L embryos \[[Figure 4A(\*)](#F4){ref-type="fig"}, lowest panel, arrowhead\], indicating that the ectopic TH+ cells have a DA-like phenotype. Next to DA marks that are expressed by all mdDA neurons, we also examined the expression pattern of two subset marks, *Cck* and *Ahd2* ([Figure 4B](#F4){ref-type="fig"}; Veenvliet et al., [@B66]). *Cck* is normally expressed by the caudomedial mdDA neuronal population and when examining *En1Cre/+; Ezh2* +/+ and *Ezh2* cKO midbrains, expression was also detected caudal to the midbrain in *Ezh2* cKO embryos ([Figure 4B](#F4){ref-type="fig"}, left panel, arrowhead). Interestingly, *Adh2* expression was also sparsely observed caudal to the midbrain in medial sections of *En1Cre/+; Ezh2* L/L embryos ([Figure 4B](#F4){ref-type="fig"}, right panel, arrowhead), while *Ahd2* is restricted to the rostrolateral DA population in wildtypes (Veenvliet et al., [@B66]).

![Dopaminergic (DA) marks can be detected more caudally in *Ezh2* cKO animals. Analysis of DA marks, *Th, Lmx1a, Nurr1, Pitx3* and subset marks *Cck* and *Ahd2* at E14.5 by means of *in situ* hybridization **(A,B)**. **(A)** An ectopic patch expressing *Th, Lmx1a, Nurr1* and *Pitx3* can be observed caudal to the midbrain in the *Ezh2* mutant, which is not present in *En1Cre/+; Ezh2* +/+ animals (arrowheads). Scale bar = 400 μM. **(B)** In addition to general marks, the caudomedial subset mark *Cck* and the rostrolateral mark *Ahd2* were also found to be shifted caudally in *En1Cre/+; Ezh2 L/L* animals compared to wildtypes (arrowheads). Scale bar = 200 μM.](fnmol-12-00076-g0004){#F4}

In normal conditions, *Nkx6.1* expressing trochlear motor neurons are located in and directly caudal to the IsO (Chandrasekhar, [@B15]; Prakash et al., [@B54]). As described above, *Lmx1a* has been demonstrated to suppress alternative cell fates, including motor neurons by the repression of *Nkx6.1* (Andersson et al., [@B3]). The presence of *Lmx1a* and other DA-related genes in ventral R1 suggest that the molecular coding in this region might be altered, leading to a DA-like cell fate. To assess whether the deletion of *Ezh2* leads to an alternative cell fate and the suppression of *Nkx6.1*, we assessed the presence of *Nkx6.1* in the ventral Isthmic area by means of *in situ* hybridization ([Figure 5](#F5){ref-type="fig"}). When examining the mid-hindbrain region of *En1Cre/+; Ezh2* L/L embryos almost all *Nkx6.1* staining was lost in the Isthmic area \[[Figure 5(2)](#F5){ref-type="fig"}, arrowhead\], corresponding to the region where normally the trochlear motor neurons develop \[[Figure 5(1)](#F5){ref-type="fig"}; Chandrasekhar, [@B15]\]. In contrast, *Nkx6.1* expression in other regions, like the red nucleus, were similar to *En1Cre/+; Ezh2* +/+ littermates, indicating that the loss of *Ezh2* specifically affects *Nkx6.1* expression in the anterior hindbrain.

![*Nkx6.1* expression is lost in the ventral R1 region in *Ezh2* cKO E14.5 embryos. *In situ* hybridization for *Nkx6.1* was performed on E14.5 *En1Cre/+; Ezh2* +/+ and *Ezh2* cKO embryos. Analysis of the spatial expression of *Nkx6.1* shows that the expression is lost in the ventral region of R1 in *En1Cre/+; Ezh2* L/L embryos (1 and 2, arrowhead), but not in the midbrain. Scale bars are 400 μM and 100 μM in the magnifications.](fnmol-12-00076-g0005){#F5}

Together, these results suggest that the loss of *Ezh2* changes the molecular coding of the anterior hindbrain, leading to the presence of an ectopic patch of dopamine-like cells caudal to the midbrain and the loss of *Nkx6.1* + expression in this region.

*En1Cre* Driven *Ezh2* cKOs Show a Similar Phenotype as *En1* Mutants Independent of *En1* {#s3-4}
------------------------------------------------------------------------------------------

Previous studies have shown that in the absence of *En1*, DA-related genes display a caudal expansion of their expression domain in more medial sections. The presence of these ectopic DA cells can be detected as early as E12.5 and they show a similar molecular and electrophysiological profile as mdDA neurons (Veenvliet et al., [@B66]; Kouwenhoven et al., [@B36]). The *Ezh2* cKO is heterozygous for *En1* and to verify that the ectopic presence of DA neurons caudal to the midbrain in the *En1Cre/+; Ezh2* L/L is not a consequence of the combined loss of *En1* and *Ezh2*, we verified the levels and spatial expression of *En1* *via* qPCR and *in situ* hybridization at E14.5 in *En1Cre/+; Ezh2* L/L embryos ([Supplementary Figures S1A,B](#SM1){ref-type="supplementary-material"}) and performed a second set of experiments on *Wnt1Cre* driven *Ezh2* cKOs ([Figure 6](#F6){ref-type="fig"}; Kratochwil et al., [@B37]). When examining the spatial expression of *En1* in *En1Cre/+; Ezh2* L/L embryos a similar pattern of expression as in *En1Cre/+; Ezh2* +/+ animals is observed ([Supplementary Figure S1A](#SM1){ref-type="supplementary-material"}). However, the data also suggest that in the medial sections, *En1* is ectopically expressed in the ventral R1 region of *En1Cre* driven *Ezh2* cKOs ([Supplementary Figure S1A](#SM1){ref-type="supplementary-material"}, arrowhead), as was found for Nurr1, Lmx1a and Pitx3 as shown above. QPCR analysis indicated that the level of expression was not significantly changed between *En1Cre/+; Ezh2* +/+ and *En1Cre/+; Ezh2* L/L animals ([Supplementary Figure S1B](#SM1){ref-type="supplementary-material"}). *Wnt1Cre/+; Ezh2* L/L embryos have been studied before and a previous study on the developing midbrain of these animals showed that *Wnt1Cre* driven deletion of *Ezh2* leads to a loss of H3K27me3 in the *Cre-*recombinant area from E12.5 onward (Zemke et al., [@B69]). In addition, they showed full *Wnt1Cre*-mediated recombination in the caudal midbrain and R1 and while they used the *Wnt1Cre; Ezh2* model to study early development of the dorsal midbrain, the presence of CRE-recombinase in the caudal midbrain and R1 makes it possible for us to also use this model to validate our initial findings observed in *En1Cre* driven *Ezh2* cKOs independent of the dosage of En1 (Zemke et al., [@B69]). We first performed immunohistochemistry for TH at E14.5 ([Figure 6A](#F6){ref-type="fig"}). Similar to the *En1Cre/+; Ezh2* L/L phenotype, we observed a group of TH+ cells caudal to the midbrain ([Figure 6A](#F6){ref-type="fig"}, arrowheads). In addition to *Th* expression, we also verified the presence of several other DA marks by means of *in situ* hybridization ([Figures 6B,C](#F6){ref-type="fig"}). Next to TH protein, *Th*, *Pitx3* and *Cck* were found to be expanded caudally in the medial sections of the *Wnt1Cre; Ezh2* L/L compared to wildtypes ([Figures 6B,C](#F6){ref-type="fig"}, arrowheads). However, in contrast to *En1Cre; Ezh2* L/L animals almost no *Ahd2* expression was detected in the *Wnt1Cre; Ezh2* L/L embryos in comparison to the *Wnt1Cre/+; Ezh2* +/+ embryos ([Figure 6C](#F6){ref-type="fig"}, lower panel, arrows).

![*Wnt1Cre* driven deletion of *Ezh2* results in a comparable presence of ectopic DA cells as observed in the *En1Cre/+; Ezh2* L/L. **(A)** Immunohistochemistry for TH (red) demonstrates that TH+ cells are present caudal to the midbrain in *Wnt1Cre/+; Ezh2* L/L embryos at E14.5. The ectopic TH+ neurons can be observed in lateral and medial sections (arrowheads). Scale bar = 250 μM. **(B,C)** Analysis of spatial expression of *Th, Pitx3, Cck* and *Ahd2* in adjacent E14.5 sections by means of *in situ* hybridization. Expression of *Th, Pitx3* and *Cck* is found in a similar location caudal to the midbrain (arrowheads). Expression of *Ahd2* is reduced in both the lateral and medial sections (arrows). Scale bar = 400 μM.](fnmol-12-00076-g0006){#F6}

To further investigate a possible relationship between the phenotypes of *En1* ablation (Kouwenhoven et al., [@B36]) and *Ezh2* ablation, we investigated whether genetic removal of *En1* influences the presence of H3K27me3 in the mid-hindbrain region. Therefore, an immunohistochemistry experiment was performed in *En1* mutant animals ([Figure 7A](#F7){ref-type="fig"}). H3K27me3 was found in the mid-hindbrain region of both the *En1* mutants and wildtype controls. In addition, H3K27me3 was also detected in the ectopic DA cells in the *En1* mutant \[[Figure 7A(\*)](#F7){ref-type="fig"}, arrowheads\], suggesting that *Ezh2* and general PRC2 activity is not affected in these cells. Next to analyzing the individual mutants, we also generated double mutants by crossing *En1Cre/+; Ezh2* L/+ with *En1Cre/+; Ezh2* L/+. Immunohistochemistry on TH was performed to analyze the DA population in the resulting mutants ([Figure 7B](#F7){ref-type="fig"}). In *En1CreCre; EZh2* L/L embryos the DA domain expanded even further into the hindbrain than in the *En1Cre/+; Ezh2* L/L embryos ([Figure 7B](#F7){ref-type="fig"}, arrowheads) and the overall cytoarchitecture is more disorganized in the double mutant when compared to both the *Ezh2* cKO and the wildtype ([Figure 7B](#F7){ref-type="fig"}, arrows), suggesting that *En1* and *Ezh2* do have a functional convergence although the molecular mechanism towards that convergence is not identical.

![H3K27me3 is present in En1-deficient ectopic DA cells, whereas *En1/ Ezh2* double mutants display an aggravated caudal expansion of the DA domain. **(A)** The presence of H3K27me3 in ectopic DA cells observed in En1 mutants was investigated by means of a double immunohistochemistry for TH (green) and H3K27me3 (red) in wildtypes and *En1* −/− littermates. At E14.5 the TH+ cells found ectopically in the hindbrain of *En1* mutant are also positive for H3K27me3 (arrowheads). Nuclear localization was confirmed by performing a DAPI staining (blue). Scale bars are 250 μM and 50 μM in the zoom. **(B)** Immunohistochemistry for TH (green) was performed on wildtypes, *Ezh2* cKOs and *En1CreCre; Ezh2* L/L double mutant animals. TH+ cells can be found further caudal into the hindbrain in double mutants compared to both the *En1Cre/+; Ezh2* L/L and *En1Cre/+ Ezh2 +/+* animals (arrowheads). In addition, the overall cytoarchitecture is disorganized in *En1CreCre; Ezh2* L/L animals (arrows).](fnmol-12-00076-g0007){#F7}

H3K27me3 is present in En1-deficient ectopic DA cells, whereas En1/ Ezh2 double mutants display an aggravated caudal expansion of the DA domain.

In summary, our data demonstrate that the loss of *Ezh2* and H3K27me3 in the mid-hindbrain region lead to a caudal expansion independently of *En1* expression. In addition, we show that although *En1* mutant animals have a similar phenotype, global H3K27me3 is not affected in these mutants, suggesting that overall EZH2 functioning is not affected in *En1* mutants in the isthmic area.

*Ehz2* Influences IsO Determinants {#s3-5}
----------------------------------

The IsO is located at the border between the mid- and hindbrain and has been shown to be critical for the specification of both the midbrain as the anterior hindbrain (Crossley et al., [@B17]; Joyner et al., [@B33]; Brodski et al., [@B10]). The location of the IsO is initially determined by the mutual repression of two opposing factors, *Otx2* and *Gbx2* (Wurst and Bally-Cuif, [@B67]; Brodski et al., [@B10]). Loss- and gain-of-function showed that when the IsO is moved over the anterior-posterior axis the size of the two main neurotransmitter systems formed in this region, DA and serotonergic, is affected. When the IsO is moved to a more anterior position, the serotonergic system expands into the midbrain, while a caudal shift causes an expansion of the DA system into the hindbrain (Brodski et al., [@B10]; Kouwenhoven et al., [@B36]). A disorganization of the IsO might explain the caudal shift of the DA population observed in *En1Cre/+; Ezh2* L/L embryos. We performed *in situ* hybridization of several genes associated with IsO functioning to determine whether the IsO was affected in *Ezh2* cKOs ([Figure 8](#F8){ref-type="fig"}). *Fgf8* mediates the inducing capacity of the IsO (Crossley et al., [@B17]; Martinez et al., [@B41]; Joyner et al., [@B33]) and its expression can be observed as a transverse ring that encircles the neural tube in the vicinity of the mid-hindbrain border ([Figure 8A](#F8){ref-type="fig"}, upper panel; Martinez et al., [@B41]). When comparing *En1Cre/+; Ezh2* +/+ to *En1Cre/+; Ezh2* L/L mid-hindbrain sections, we observed a partial loss of expression in medial sections of E12.5 *En1Cre/+; Ezh2* L/L embryos ([Figure 8A](#F8){ref-type="fig"}, upper panel, arrow), while lateral no clear changes in the expression pattern could be observed. The reduction of the levels of *Fgf8* was verified using qPCR (*n* = 3, *P* \< 0.05, one-tailed; [Figure 8B](#F8){ref-type="fig"}). In addition to *Fgf8*, we also studied the expression pattern of *Wnt1*. *Wnt1* is essential for the maintenance of several genes associated with IsO functioning, including *Fgf8* and *En1* (McMahon et al., [@B43]; Danielian and McMahon, [@B18]; Canning et al., [@B11]). Similar to *Fgf8*, reduced expression of *Wnt1* was observed in medial sections of the *Ezh2* cKO animals ([Figure 8A](#F8){ref-type="fig"}, middle panel, arrow) and levels of *Wnt1* were significantly lower in *En1Cre/+; Ezh2* L/L animals compared to wildtypes (*n* = 3, *P* \< 0.05, one-tailed; [Figure 8B](#F8){ref-type="fig"}). Another important determinant for the IsO is *Otx2*. As described above, *Otx2* plays a role in positioning the IsO, as the caudal limit of the *Otx2* expression domain marks the location of the IsO (Broccoli et al., [@B8]; Wurst and Bally-Cuif, [@B67]). In contrast to *Fgf8* and *Wnt1*, *Otx2* expression was found to be expanded caudally into the hindbrain of *Ezh2* cKO embryos ([Figures 8A,C](#F8){ref-type="fig"}, lower panels, arrowheads). Normally *Otx2* expression is not found caudal to *Fgf8* expression, however in medial sections of *En1Cre/+; Ezh2* L/L embryos, we could observe expression of *Otx2* caudal to the *Fgf8* expression domain ([Figure 8C](#F8){ref-type="fig"}, arrowheads). Even though an expansion of the expression domain of *Otx2* is visible, the overall levels of *Otx2* were found to be reduced in the *Ezh2* mutant (*n* = 3, *P* \< 0.01, one-tailed; [Figure 8B](#F8){ref-type="fig"}). To further substantiate the caudal *Otx2* expression, we also performed *in situ* hybridization for *Otx2* on E14.5 *Wnt1Cre/+; Ezh2* L/L embryos ([Supplementary Figure S2](#SM2){ref-type="supplementary-material"}). Using the *Th* expression domain from [Figure 6B](#F6){ref-type="fig"} as a reference, a patch of *Otx2* expression could be observed caudal to the midbrain in medial sections of *Wnt1Cre* driven *Ezh2* cKOs, which was not present in wildtype littermates ([Supplementary Figure S2](#SM2){ref-type="supplementary-material"}, arrowhead). Together these data indicate that *Ezh2* plays a role in suppressing *Otx2* expression in the R1 region, next to influencing expression levels of *Fgf8* and *Wnt1*.

![*Otx2* expression can be found caudal to the IsO in the hindbrain of *En1Cre/+; Ezh2* L/L E12.5 embryos. **(A)** The expression of *Fgf8, Otx2* and *Wnt1* was analyzed in E12.5 wildtypes and *Ezh2* cKO embryos *via* *in situ* hybridization. *Otx2* expression was found in the hindbrain of medial sections (arrowhead) while expression of both *Fgf8* and *Wnt1* was reduced in the medial sections of E12.5 *En1Cre/+; Ezh2* L/L embryos (arrows). Scale bar = 300 μM. **(B)** Quantitative PCR (qPCR) for *Fgf8, Otx2* and *Wnt1* comparing the wildtype (*n* = 3, red line) expression levels to the *En1Cre/; Ezh2* L/L (*n* = 4, gray bars) levels. All factors were significantly down-regulated in the *Ezh2* cKO, *Fgf8* is \~43% reduced (\* *P* \< 0.05, one-tailed), *Otx2* levels were reduced to \~76% (\*\* *P* \< 0.01, one-tailed) and \~45% of the *Wnt1* expression is lost (\* *P* \< 0.05, one-tailed). **(C)** Pseudo-overlay of adjacent slides for *Fgf8* and *Otx2* demonstrates that *Otx2* is found caudal of *Fgf8* expression in *Ezh2* cKO animals but not in controls. Scale bar = 100 μM.](fnmol-12-00076-g0008){#F8}

Discussion {#s4}
==========

A critical early event in the generation of different neuronal subtypes is the regionalization of the neural tube. This process in the mid-hindbrain region is dependent on the signaling factors produced by the IsO (Crossley et al., [@B17]; Wurst and Bally-Cuif, [@B67]). The IsO is formed at the juxtaposition of *Otx2/Gbx2* expression around \~E7--8 (Broccoli et al., [@B8]; Joyner et al., [@B33]), and depends on several transcription factors for its proper functioning and maintenance (Adams et al., [@B1]; Li et al., [@B39]; Guo et al., [@B24]; Canning et al., [@B11]). In the current study, we show that next to transcription factors, transcriptional inhibition *via* PRC2 and H3K27me3 also play a role in maintaining the IsO and determining the fate of cells in the mid-hindbrain region. The loss of *Ezh2* and consequently H3K27me3 affected the molecular coding of the anterior R1. DA-related genes were found ectopically in the ventral anterior hindbrain and a caudal expansion of the TH positive population was observed. The emergence of DA neurons in the Isthmic area was at the expanse of 5-HT neurons and *Nkx6.1* expression in the trochlear motor neurons located directly caudal to the IsO.

The deletion of *Ezh2* mimics the phenotype of the *En1* mutant, in which a disorganized IsO causes a posterior expansion of the midbrain a the expanse of the anterior ventral R1 region (Kouwenhoven et al., [@B36]). Even though both proteins might mechanistically function *via* the regulation of *Otx2*, no direct relationship between the two factors was found. The expression of *En1* is not affected in *En1Cre/+; Ehz2* L/L embryos and the results were verified in a second independent model, *Wnt1Cre/Ezh2*. In addition, no global changes were observed in H3K27me3 levels in *En1* mutants compared to wildtypes, suggesting that general PRC2 functioning is not impaired. However, the targeting of the PRC2 complex might be altered in *En1* mutants, leading to local changes in H3K27me3 levels, which are not visualized by overall immunohistochemistry for H3K27me3. Furthermore, analysis of the TH+ domain in *En1/ Ezh2* double mutants does imply that EZH2 and EN1 have a phenotypic relationship as the expansion of the TH+ region is aggravated in animals depleted of both *En1* and *Ezh2*.

The induction of DA neurons in R1 of *Ezh2* cKOs can be explained by the presence of *Otx2* in the hindbrain (Brodski et al., [@B10]; Sherf et al., [@B58]). At E12.5 we observed *Otx2* expression caudal to the midbrain in *En1Cre/+; Ezh2* L/L embryos and *Wnt1Cre* driven *Ezh2* cKOs also displayed a caudal expansion of the *Otx2* domain. It has been shown that repression of *Otx2* in the hindbrain initially depends on GBX2, however, after E8.5 a GBX2-independent mechanism can repress *Otx2* in R1 (Li et al., [@B39]). At E12.5 the *Fgf8* expression domain marks the caudal limit of the *Otx2* expression domain and a study in which a FGF8-bead was implanted in p2, showed a regional repression of *Otx2*, suggesting that FGF8 can compensate for the loss of GBX2 in repressing *Otx2* after E8.5 (Li et al., [@B39]). However, the introduction of FGF8 into this region also led to the induction of several other IsO related genes, including *En1*, which might also contribute to the repression of *Otx2* (Shamim et al., [@B56]). Although the expansion of *Otx2* into the hindbrain might additionally be a consequence of alterations in IsO related genes, we argue that the direct loss of H3K27me3 on the promoter of *Otx2* may cause the observed reactivation of the *Otx2* gene in our model. *Otx2* has already been identified as a direct target of PRC2 in embryonic stem cells (Boyer et al., [@B7]; Lee et al., [@B38]; Pasini et al., [@B50]). Loss of a functional PRC2 complex led to the loss of H3K27me3 on the promoter of *Otx2* and an increase in its expression level (Pasini et al., [@B50], [Supplementary Figure S1](#SM1){ref-type="supplementary-material"}). In addition, H3K27me3 is found on the promoter of *Otx2* in cell types that do not express *Otx2* ([Supplementary Figure S3](#SM3){ref-type="supplementary-material"}), suggesting that the silencing of *Otx2* might be H3K27me3-mediated (Mikkelsen et al., [@B45]; Mohn et al., [@B46][^1^](#fn0001){ref-type="fn"}; mouse NCBI37/mm9). Interestingly, in contrast to previous studies the altered expression of *Otx2* was not mimicked by *Wnt1* in *En1Cre/+; Ezh2* L/L animals (Broccoli et al., [@B8]; Kouwenhoven et al., [@B36]; Broccoli et al., [@B8]; Kouwenhoven et al., [@B36]). The levels of *Wnt1* were down-regulated in *En1Cre* driven *Ezh2* mutants and reduced spatial expression was observed in medial sections of E12.5 *En1Cre/+; Ezh2* L/L embryos. In addition, reduced canonical Wnt signaling was found in *Wnt1Cre/+; Ezh2* L/L embryos (Zemke et al., [@B69]), suggesting that the sole presence of *Otx2* in the hindbrain of *Ezh2* cKOs is enough to fate switch the hindbrain R1 region towards a midbrain phenotype.

Taken together, our data show that next to transcription factors, transcriptional regulation *via* epigenetics also plays an important part in the development of the Isthmic area. Deletion of *Ezh2* leads to *Otx2* expression in the hindbrain and the induction of DA neurons at the expense of 5-HT positive and Nkx6.1 positive neurons. The observed phenotype mimics that of *En1* mutant animals and even though *Ezh2* and *En1* do not appear to have a direct regulatory relationship, we theorize that EN1 might be required for the targeting of EZH2 and PRC2 to the *Otx2* locus.

Author Contributions {#s5}
====================

IW performed the experiments, analyzed the data and wrote the manuscript. CW performed the experiments. MS wrote the manuscript, initiated the study, analyzed data and funded the study.

Conflict of Interest Statement {#s6}
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

We would like to thank Dr Frederic Zilbermann of the Friedrich Miescher Institute for his generous gift of the *Ezh2-*floxed mouse line and Dr Sandra Blaess for kindly providing us with the *En1Cre; R26RYFP* mouse strain. In addition, we would like to thank Prof. Dr. Filippo Rijli for sending us E14.5 frozen and PFA/Sucrose *Wnt1Cre; Ezh2* embryos. This work is present as preprint at: *bioRxiv* 442111; [doi: 10.1101/442111](https://doi.org/10.1101/442111).

**Funding.** This work was sponsored by the NWO-ALW (Nederlandse Organisatie voor Wetenschappelijk Onderzoek-Aard en Levenswetenschappen) VICI grant (865.09.002) awarded to MS The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

^1^[https://genome.ucsc.edu/index.html](http://genome.ucsc.edu/index.html)

Supplementary Material {#s7}
======================

The Supplementary Material for this article can be found online at: <https://www.frontiersin.org/articles/10.3389/fnmol.2019.00076/full#supplementary-material>

###### 

The loss of *Ezh2* does not influence *En1* expression. The expression of *En1* was analyzed with *in situ* hybridization and qPCR at E14.5 **(A, B)**. **(A)** *En1* shows a similar expression pattern between the *En1Cre/+; Ezh2 +/+* and the *En1Cre/+; Ezh2* L/L animals. However ectopic expression of *En1* might be present in the ventral region of R1 (arrowhead). **(B)** The levels of *En1* are not significantly changed between wildtypes and *Ezh2* cKO animals at E14.5. Scale bar = 300 μM.

###### 

Click here for additional data file.

###### 

*Otx2* is found caudal to the midbrain in *Wnt1Cre/+; Ezh2* L/L embryos. *Otx2* expression was assessed by means of *in situ* hybridization using *Th* expression as a reference for the location. A pseudo-overlay of adjacent slides demonstrates the presence of *Otx2* expression dorsal of the ectopic *Th* expression in medial sections of *Wnt1Cre* driven *Ezh2* cKOs (arrowhead). Scale bar = 300 μM.

###### 

Click here for additional data file.

###### 

H3K27me3 is present on the promoter of *Otx2* in tissue in which *Otx2* is not expressed. **(A)** Visualization of ChIP-sequencing peaks of H3K27me3 and RNA-polymerase II (POLII) at the *Otx2* promoter obtained from https://genome.ucsc.edu/index.html using the mouse NCBI37/mm9 assembly. In tissue where almost no RNA-sequencing reads are detected for *Otx2*, a high peak for H3K27me3 is observed, while the peak for POLII is low. **(B)** Analysis of ChIP-sequencing data from Mohn et al. ([@B46]). The Otx2 promoter shows a high enrichment for H3K27me3 in Embryonic stem cells (ES), Neuronal progenitors (NP) and Terminal pyramidal glutamatergic neurons (TN), while enrichment for POLII is low, indicating that *Otx2* is not activated in these cells.
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Click here for additional data file.
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